Octopamine receptors are attractive insecticide targets. To screen compounds acting at octopamine receptors simply and rapidly, we constructed a chemiluminescent reporter gene assay system that detects secreted placental alkaline phosphatase transcriptionally regulated by the cAMP response element for a silkworm octopamine receptor. This system proved useful in high-throughput screening to develop octopamine receptor-specific insecticides.
Biogenic amines such as octopamine (OA), tyramine, dopamine, and serotonin occur in the nervous systems of invertebrates. 1) Of these amines, OA is well known as a typical phenolic biogenic amine that plays important roles as a neurotransmitter, neuromodulator, and neurohormone. [2] [3] [4] OA exerts its effects by interacting with specific membrane receptors, categorized as G protein-coupled receptors (GPCRs), that modulate diverse physiological and behavioral events such as olfactory learning and memory, feeding, flight, reproduction, and lipid and carbohydrate metabolism. 3, 5) Recently we cloned two types of OA receptors from the silkworm Bombyx mori (BmOAR1 6) and BmOAR2 7) ). Functional analyses of the two Bombyx OA receptors and other insect orthologous OA receptors, including DmOA1 8) (OAMB 9) ) from Drosophila melanogaster, AmOA1 10) from Apis mellifera, and Paoa1 11) from Periplaneta Americana, indicated that OA receptors couple G s and/or G q proteins to increase intracellular cAMP and/or Ca 2þ levels. Increased levels of these two second messengers activate protein kinases such as cAMP-dependent protein kinase and the Ca 2þ -dependent protein kinases (PKC and CAMKII) respectively, followed by phosphorylation of various proteins. Physiological and behavioral events in insects are thought to be controlled by activation of these signaling pathways. 5, [12] [13] [14] The formamidine insecticide chlordimeform (CDM) is N-demethylated in insect bodies, and the metabolite demethylchlordimeform (DMCDM) acts as an OA receptor agonist, showing pesticidal and pestistatic effects. 15) To date, a variety of compounds have been synthesized and assayed to identify more effective and selective OA receptor agonists, 3, 16) but previous assay systems include time-consuming and onerous steps: repeated homogenization and centrifugation to prepare membrane fractions from nerve tissues or cell lines and extraction of cAMP produced from OA receptorexpressing cell lines. Hence, the number of assay samples in a given batch experiment has been limited. Consequently, previous systems are unsuitable for highthroughput screening. In the present study, we constructed a simple and rapid chemiluminescent reporter gene assay system to screen OA receptor ligands using human embryonic kidney (HEK)-293 cells stably expressing BmOAR1 6) (hereafter called HEK-BmOAR1 cells). Secreted placental alkaline phosphatase (SEAP) is used as a reporter in this system. SEAP is secreted into the cell culture medium under the control of a promoter regulated by a second-messenger inducible enhancer element, and is detected by testing aliquots of the medium. 17) HEK-BmOAR1 cells were grown in Dulbecco's Modified Eagle's Medium (DMEM; Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS; Invitrogen). pCRE-SEAP (Clontech, Mountain View, CA), a vector that contains the gene coding for reporter protein SEAP transcriptionally regulated by the cAMP response element (CRE), was transiently transfected into HEK-BmOAR1 cells (6 Â 10 5 cells/35 mm-diameter dish) using transfection reagent GeneJuice Ò (Novagen, Gibbstown, NJ) following the manufacturer's protocol. The cells were cultured at 37 C under 5% CO 2 until the following day. The cultured cells were suspended with DMEM containing 10% FBS and reseeded at 1 Â 10 4 cells (150 mL) in each well of a 96-well culture plate, and cultured for 1 d to attach the cells to the plate wells. After the medium in y To whom correspondence should be addressed. Tel/Fax: +81-96-342-3668; E-mail: hiohta@gpo.kumamoto-u.ac.jp Abbreviations: BmOAR, Bombyx mori octopamine receptor; CDM, chlordimeform; CRE, cAMP response element; DMCDM, demethylchlordimeform; DMEM, Dulbecco's Modified Eagle's Medium; FBS, fetal bovine serum; GPCRs, G protein-coupled receptors; HEK, human embryonic kidney; OA, octopamine; SEAP, secreted placental alkaline phosphatase each well had been discarded, 150 mL of FBS-free medium including agonists DL-OA . HCl (LKT Laboratories, St. Paul, MN), CDM (synthesized as free base inhouse), or DMCDM (synthesized as free base in-house) was added to the cell-attached wells, and this was incubated at 37 C under 5% CO 2 for 1 d. In antagonist experiments, chlorpromazine . HCl (Wako, Osaka, Japan) or yohimbine . HCl 6) (Wako) was added along with OA. The activity of SEAP secreted into the media was measured using a chemiluminescent reporter gene assay system kit (Phospha-LightÔ System; Applied Biosystems, Foster City, CA). After incubation of mixtures of the medium supernatant and kit components on a white 96-well microplate for 4-20 min, the plate was placed in a plate luminometer (1420 ARVOsx Multilabel Counter; PerkinElmer, Waltham, MA), and the luminescence in the wells was measured as SEAP activity for 1 s/well. DMSO, used to dissolve and dilute compounds, was included in FBS-free medium at 1%, without significant effects on SEAP activity (data not shown).
The dose-dependence of OA, DMCDM, and CDM on BmOAR1 activation was examined by SEAP reporter assay using pCRE-SEAP-transfected HEK-BmOAR1 cells. As shown in Fig. 1 , the three agonists induced dose-dependent increases in SEAP activity, although 10 À4 M OA and 10 À5 -10 À4 M DMCDM showed lower SEAP activity than their maximal responses. BmOAR1 can be desensitized or antagonized at higher concentrations of OA and DMCDM, and such an inhibitory response of the receptor was observed in HEK-293 cells stably expressing Bombyx mori dopamine receptor BmDopR1.
18) The rank order of agonist potency for BmOAR1 was DMCDM > OA > CDM, the same as in our previous [ 3 H]cAMP competition assays. 6, 16) The EC 50 values of OA and DMCDM, calculated as the concentration to reach half the maximal SEAP activity at 10 À5 M and 10 À6 M respectively, were at least one order of magnitude lower than those obtained in our previous cAMP assays ( Table 1 ), indicating that the SEAP reporter assay is a more sensitive method to examine the potency of agonists. If the reporter SEAP expression is amplified by cAMP cascade reactions, the expression levels should reach maximum earlier than cAMP. In that case, one can adequately interpret a leftward shift in the EC 50 values. The rank order of efficacy among the three agonists was DMCDM ! OA, and possibly OA > CDM, indicating that the order was similar to previous cAMP assays although the E max values were different.
Additionally, we tested to determine whether antagonists can be evaluated in HEK-BmOAR1 cells using the present SEAP assay system. When treated at 10 À9 -10 À5 M with 10 À6 M OA, BmOAR1 antagonists chlorpromazine and yohimbine 6) dose-dependently inhibited OA-stimulated SEAP activity, with IC 50 values of 192.4 nM (95% CI, 121.4-310.4 nM) and 89.4 nM (95% CI, 59.4-134.9 nM), respectively (Fig. 2) . Thus, the rank order of the two antagonists was yohimbine > chlorpromazine, the same as determined by Ca 2þ mobilization assays. 16) Yohimbine at a high concentration, 10 À5 M, did not completely inhibit the OA-induced increase in luminescence (inhibition, 94.1%). When tested as an agonist at 10 À9 -10 À5 M, yohimbine at 10 À5 M induced a small increase in SEAP activity in HEK-BmOAR1 cells (data not shown). Thus, the incomplete antagonism might be due to the agonistic effects of yohimbine.
In this study, we constructed a CRE-SEAP reporter assay system with HEK-BmOAR1 cells and evaluated representative agonists and antagonists using it. Consequently, fundamental data concerning the use of this system as a high-throughput screening system were induced secreted placental alkaline phosphatase (SEAP) activity is shown as 100%. Data represent mean AE SE for three independent experiments each performed in duplicate. Ba, basal levels (SEAP activity at no agonist). obtained. Because SEAP is secreted into the cell culture medium, aliquots of the medium in the wells of 96-well plates are used directly to detect secreted SEAPdependent luminescence. By leaving cells intact, one can screen OA agonists or antagonists more simply and rapidly than we could in our previous efforts, 6, 7, 16, 19, 20) and other laboratories could through cAMP assays. [8] [9] [10] [11] 21) As an additional advantage, medium supernatants, including secreted SEAP, can be reserved in a freezer until use, because SEAP activity was unchanged by freezing and thawing of the media (data not shown).
In conclusion, the constructed SEAP reporter assay system with HEK-BmOAR1 cells should prove useful in high-throughput screening to develop insecticides or insectistatics that target OA receptors. The reporter assay technique can also be applied to cells expressing BmOAR2 or other insect OA receptors, which should aid in the development of subtype-and species-specific chemicals. Chlorpromazine or yohimbine at 10 À9 -10 À5 M was applied to BmOAR1 cells along with 10 À6 M OA, and the cells were incubated under the same conditions as in the agonist experiments. Data are shown as percentages of OA-induced SEAP activity (basal levels subtracted), and represent the mean AE SE for three independent experiments each performed in duplicate.
